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Micromolar aluminum levels reduce 3H-thymidine incorporation by
cell line UMR 106-01. Aluminum-induced osteomalacia is a frequent
complication observed in patients on maintenance hemodialysis. How-
ever, it is not known whether there are direct effects of aluminum on
osteoblasts, or alternatively, whether the observed changes are due to
changes in PTH or other factors. We sought to determine the effect of
micromolar levels of aluminum on osteoblasts using a well-defined cell
line derived from a 32P induced osteosarcoma of rat, UMR 106-01,
which is alkaline-phosphatase positive, responds to PTH, and synthe-
sizes type I collagen. Aluminum exposure was controlled using tissue
culture media with [Alj less than 1 gIliter (40 nM), produced by
precipitation of aluminum salts at pH 8,5. The effect of defined [Al],
from 20 to 800 zg/titer (0.7 to 30 LM), was then determined by adding
back aluminum while measuring DNA and protein synthesis. We found
that aluminum depressed DNA synthesis, as determined by 3H-thymi-
dine incorporation, by 60%, with half maximal effect at 20 pg/liter (740
nM) in cells at a density of 20,000/cm2. Alternatively, protein synthesis,
as determined by 3H-leucine incorporation, did not decline, and in some
cases increased. However, qualitative analysis of matrix proteins
produced with and without 800 gJliter (30 mM) [Al] showed no
differences. Direct measurements of cell number and protein synthesis
confirmed these findings. Al does not alter the PTH-induced cAMP
response of these cells. Thus, aluminum has a direct effect on cell
division, and probably on protein synthesis, in this osteoblast-like cell
line. These effects occur at levels of aluminum below those commonly
contaminating tissue culture media, and thus are seen reproducibly only
in media of defined [A1]. The changes seen are most consistent with
a shift of cells, at [Al] over I from cell division toward other
cellular functions.
The appearance of crippling osteomalacia related to alumi-
num intoxication was discovered in the mid 1970's when large
scale hemodialysis led to the exposure of patients to serum
levels of aluminum greater than 1 /.LM, an intoxication that is
virtually impossible while the kidney works normally [1]. Al-
though this complication of dialysis may now be controlled by
scrupulous removal of aluminum from dialysis solutions and
phosphate-binders [21, and through the use of desferoxamine to
remove aluminum, by chelation, from victims of aluminum
intoxication [3], the mechanism by which aluminum acts on the
skeleton is incompletely understood.
It is known that the secretion of PTH by parathyroid cells is
reduced in vitro by [Al] as low as 27 gIliter(1 sM), by 50%
at 135 sg/liter (5 M) [41; at higher levels, aluminum effects
hematopoiesis [5], and altered enzyme kinetics have been
described [6]. Furthermore, there may be a direct effect of
[Alt 'I on bone mineralization at micromolar levels [7]. Thus,
it is clear that aluminum plays an important role in the genesis
of osteomalacia, but whether the effect on bone is direct or
indirect is unknown.
Recently, we and others have presented evidence indicating
that in certain circumstances, aluminum enhances bone forma-
tion in vivo [8]. It has been suggested that, when added to bone
organ culture, [A1++*j as low as 27 tg/liter (1 p.M) stimulates
the activity of osteoblast-like cells [9]. However, the cellular
complexity of these models and the absence of precisely-
defined basal medium [Al'4'] make interpretation of these
results difficult. Therefore, in the present study, we sought to
clarify the effect of aluminum on bone formation by measuring
cell proliferation and protein synthesis in a well defined, osteo-
blast-like rat osteosarcoma line, UMR 106-01, that produces
alkaline phosphatase., responds to PTH, and which we found
also synthesizes type I procollagen. These cells were grown in
tissue culture media with defined, experimentally measured
[Al], and the effects of micromolar aluminum concentra-
tions on protein and DNA synthesis were determined. This
approach permits us to define aluminum effects in isolation from
other factors, although it is important to keep in mind that other
substances, such a fluoride, might alter the type of response
seen in vivo, where such factors often increase in parallel with
aluminum. Thus, our approach was to eliminate all other known
variables and focus on aluminum effects alone, since there are
so many covariables in whole animal studies that it is often not
possible to attribute a consistent effect to one factor.
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Chemicals were obtained from Sigma Chemical Company
(St. Louis, Missouri, USA), except as specified. Tissue culture
media were from Gibco (Grand Island, New York, USA).
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Component
[Al]
Before treatment After treatment
MEM (total) 21 sg /liter (780 nM) I ps/liter (40 nM)
powdered medium 17 sg /liter (630 nM) ND
NaHCO3 4 jsg /liter (ISO nM) ND
HIFBS 11 sg /liter (410 nM) <I g /Iiter (<40 nM)
Osteoblast-like osteosarcoma cells
The UMR 106-01 line, closed from a 32P-induced well differ-
entiated osteosarcoma in a Sprague-Dawley rat [101, was from
Dr. Nicola Partrige (St. Louis University School of Medicine).
Cells were used from the twelfth to the twenty-sixth passage.
Cells were maintained on Eagle's minimal essential medium,
alpha-modification' with 10% heat-inactivated fetal bovine se-
rum, and passed with trypsin/EDTA. Effects of aluminum were
measured in cells plated at an initial density of 20,000/cm2 in
aluminum-depleted medium,
Aluminum level measurements
Aluminum was measured by atomic absorption spectroscopy
in samples which, for greater accuracy, were concentrated 2- to
10-fold by lyophylization followed by reconstitution in 0.01 M
HC1. All reagents for alUminum measurement were prepared
using 10 Mohm water, and lyophylized reagent controls showed
no aluminum absorbance. Stated aluminum levels have been
divided by the concentration factor used. All glass and plastic
containers were acid washed and rinsed before use [11].
Free and protein bound aluminum concentrations were de-
termined by gel filtration chromatography using sephadex G-25
to separate proteins from low molecular weight materials.
Separation was followed by A,80 and a low molecular weight
dye; the >2000 and <2000 molecular weight fractions were
pooled, and Al + ] was measured by atomic absorption.
Preparation of aluminum depleted mediu,n
Because our preliminary experiments indicated that standard
cell culture materials contain significant amounts of aluminum
(Table 1), special aluminum-free medium was prepared. This
was done in three parts: 1) heat-inactivated fetal bovine serum
was dialysed, using a 2000 molecular weight exclusion mem-
brane (Spectrum Medical Industries, Los Angeles, California,
USA), against 10 Mohm water with 20 mg/liter of desferox-
amine (Ciba-Geigy, Summit, New Jersey, USA). The dialysate
was changed once followed by two changes of 10 Mohm water
without desferoxamine. The resultant, essentially aluminum-
free (Table 1) serum was subsequently added at 10% concen-
tration to aluminum-free media. 2) Because alpha-MEM is a
mixture of low molecular weight compounds and cannot be
dialyzed, aluminum was removed through alkaline precipitation
by making the medium to pH 8.5 and leaving it at this pH for 72
hours at 4°C. As shown in Figure 1, this is the pH at which
Abbreviations are: alpha MEM; Eagle's minimal essential medium,
alpha modification; EDTA, ethylenediaminetetraacetate; DTT, dithio-
threitol.
Table lB. Analysis of reconstituted medium
Component
Level
Before
treatment After treatment
Fe (total)
Mg
Phosphate
Calcium
Fluoride
ND
85mM
0.96 m
1.8 ms
ND
16 1 g/dl
95±1mM
0.52 msi
1.2 0,1 mM
<0.1 mg/dl (<50 sM)
solubility of aluminum salts was, in this medium, minimal, at
less than 1 pg/liter (40 sM). The insoluble sediment, containing
the precipitated aluminum, was removed by filtration with an
0.3 p.M filter, also sterilizing the medium. 3) Calcium and
phosphate, which are also precipitated from medium at pH 8.5,
were added back (Fig. 1). This was done using, as a balanced
source of calcium and phosphate, ultra pure hydroxyapatite
(Bio-Rad Laboratories, Richmond, California, USA), which is
essentially aluminum-free; the hydroxyapatite was solubilized
with HCI and added to the reconstituted medium to bring
[Ca]04, to approximately 6 mg/dl and [P04=] to approximately
2 mgldl.
Table 1A. Aluminum levels measured in treated and untreated
medium components
ND, not determined.
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Fig. 1. Aluminum (•) and total calcium (C) in alpha MEM as a
function of pH. Media were adjusted to the indicated pH values by
addition of HCI/NaOH and left 72 hours at 4°C, after which precipitate
was removed by ultrafiltration and supernatant was assayed for [Al] and
[Ca] as indicated in Methods.
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Cell cycle analysis
Aluminum supplementation
Aid3 in dilute HCI (0.01 N) was used to produce high [Al3]
media. pH was measured after addition; in most cases, pH was
essentially unaffected (<0.01 units). When pH was decreased
(20 /.M Al3), it was titrated back to precisely 7.40 with 0.5 N
NaOH.
Cell proliferation and protein synthesis
UMR 106-01 cells, maintained as described above, were
passed into aluminum-free medium at a density of 20,000/cm2 in
24 well plates, 2 cm2/well. After 24 hours of incubation,
supernatants were replaced with either aluminum-free medium
or media with aluminum added. Trace quantities (approxi-
mately 10LM) of L-(4,5-3H)-leucine or [methyl-3H]-thymidine
(New England Nuclear) were used to determine protein or
DNA synthesis. Radioactivity incorporated into macromolecu-
lar material was followed as a function of time using the
trichloroacetate precipitation and ether/alcohol wash method
essentially as described [121.
Direct measurement of DNA was accomplished by the ethi-
dium bromide intercalation technique of LePecq and Paoletti
[13]. Chemical determination of hydroxyproline was done by
the method of Bergman and Loxley [14]. Analysis by SDS-
PAGE and CNBr digest of L-(2,3-3H) proline (New England
Nuclear) labelled proteins synthesized in culture was carried
out as described [151.
Aluminum treated and control cultures were lysed in
Krishan's solution and DNA content was analyzed by flow
cytometry as previously described [16].
cAMP determinations
cAMP accumulation was measured, in the presence of 10 M
isobutylmethylxanthine, essentially as previously described
[17], using a double-antibody radioimmunoassay.
Results
Alkaline precipitation of alpha-MEM and dialysis of serum
with desferoxamine resulted in tissue culture medium with
[Al]totai of approximately 1 p.g/liter (40 nM), less than 1/10 the
level present in untreated medium (Table 1A, Fig. 1). The free
and protein bound levels of aluminum in tissue culture at
various total aluminum levels are shown in Figure 2; the
proportion of protein-bound [Alt was essentially constant
at 90% as a function of [Al]totai from 100 to 1000 gig/liter (3.7 to
37 SM). Post-treatment media had adequate levels of essential
elements for cell proliferation (Table 1B). Fluoride was quite
low (<50 ILM, Table lB), suggesting that A1F4 in this medium
would be unimportant [18].
Addition of aluminum to cultures of UMR 106-01 cells
resulted in a reduced rate of 3H-thymidine incorporation into
DNA, reflecting a decreased rate of cell proliferation (Fig. 3).
The half-maximal inhibitory effect occurred at the relatively
modest concentration of —20 tg/liter (740 nM). Measurement of
cellular DNA by ethidium bromide intercalation (not shown)
showed smaller effects in the same direction, as did cell cycle
analysis and direct cell counts (Table 2). The relative insensi-
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Fig. 3. 3H-thymidine incorporation by UMR 106-01 cells as a function
of free [Al]. Media were treated to remove as much [Al] as
possible (Methods), with controlled add-back of [AlI.
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Fig. 2. Free and protein bound [A/] does not vary significantly as
a function of [Al] from 30 to 1,000 pg/liter (0.75 to 25 .tM) in alpha
MEM with 10% heat-inactivated fetal calf serum. Free and protein
bound [Al4] were separated by gel filtration chromatography, and[AlI was assayed as described in Methods.
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Al < 2 pg/liter
(80 nM)
Al = 800 gIliter
(30 rM)
Doubling time 57 hr 71 hr
measured at 48 hrs
% cells in G2M
lhr 22 17
24hr 16 Il
48hr 5 8
Hydroxyproline
accumulation 14.0 I sg1plate 20.4 3 pg/plate
cAMP synthesis at 24 hrs
Basal 31 3 fM/mi 35 3 fM/mi
+100 flM PTH (1—34) 194 56 fM/mi 224 13 fM/mi
tivity of direct cell counts and DNA assays was attributed to the Bfact that these assays measure both old and new DNA, while 10
thymidine uptake represents only new synthesis.
In contrast, 3H-leucine incorporation by UMR 106-01 cells
was not decreased by micromolar aluminum, and in some
experiments increased (Fig. 4), even when uncorrected for cell
number or total DNA. However, the fact that increases typi-
cally were seen at 40 tgJliter (1.5 /sM) [Al] but not at 800 /Lglliter
(30 LM) may indicate that a toxic effect at very high [Al] is
superimposed on a small increase in protein synthesis caused
by low-dose aluminum. This biphasic effect was not observed in
measurements of hydroxyproline accumulation reflecting largely
collagen synthesis, where increased accumulation was seen at
800 zg/liter [Al] (30 /SM, Table 2).
On the other hand, we detected no qualitative differences in
matrix production by UMR 106-01 cells in the presence of
aluminum. The principal secreted protein of the cells is type I
procollagen in the presence or absence of aluminum (30 M,
Fig. 5A). Type I collagen was definitively identified by CBNr
fingerprinting of SDS-PAGE from pepsin digests of UMR
106-01 (Fig. SB). Type I collagen was also the principal proline-
labelled protein in the cell layers regardless of aluminum
concentration (not shown). Similarly, the response of these
osteoblast-like cells to PTH, as determined by cAMP produc-
tion was unaltered by aluminum (Table 2), indicating that they
are not hypersensitized by the cation to PTH.
Discussion
While the pathologic effects of aluminum intoxication on
bone have been recognized since the advent of effective therapy
for end-stage renal disease [1—3], whether this effect is primary
or secondary is unknown [4—7, 91. We have, in this study,
explored the direct impact of [Al] on osteoblast-like osteosar-
coma cells. Previous studies of this type reported that ambient
Al levels in tissue culture were zero [91. However, when we
did preliminary experiments on 3H-thymidine incorporation by
UMR 106-01 cells in the presence and absence of 1.5 tM (40 jsgl
liter) of added Al + we found that some experiments showed
a definite effect and others showed none at all (results not
shown). Furthermore, other workers who studied trace alumi-
num levels have found that virtually all glass and plastic
containers are contaminated by micromolar levels of aluminum,
Table 2. Effect of [Al]0,1 on cell cycle, cell number, hydroxyproline A
accumulation, and cAMP response
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Tests were performed as indicated in Methods. When a range is given, 2
N = 3 SD.
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Fig. 4. Time-course comparison of response of protein synthesis (3H-
leucine incorporation) and cell proliferation (3H-thymidine incorpora-
tion) to 1AlJ addition by UMR 100-01 cells. At the indicated times,
cells were pulsed for 4 hrs with 'H-labeled leucine (A) or thymidine (B),
and radioactivity incorporated into macromolecules was determined as
described in Methods. Squares indicate cultures with no added [AP]
(<I j.tg/liter), closed circles indicate 40 pg/liter (1.5 M) [Ai ], and
open circles, 800 sg/liter (30 M) EA1 + 1. While aluminum depressed
thymidine incorporation uniformly, there appeared to be a slight rise in
leucine incorporation at 40 pg/liter IAIJ but no significant difference
in protein synthesis between controls and 800 g/liter [AP4"]. N 6,
SD. Where error bars are not shown, symbol size exceeds SD.
as well as other trace elements [ill. Indeed, review of trace
element analysis, particularly of liquid samples, has shown that
results have been biased by analytical blanks contaminated with
the same elements [11 and references there]. Thus, we ad-
dressed the issue of contamination of tissue culture media by
Al as an important preliminary step.
To increase accuracy and sensitivity in these measurements,
we acid washed all vessels used [11, Methods]. Only 10 Mohm
water was used, and samples were concentrated for atomic
absorption spectrophotometry by lyophilization. Gel filtration
was used to separate protein bound and unbound aluminum.
We found that aluminum contamination of tissue culture media
makes in vitro study at micromolar levels possible only when
Blair et a!: UMR 106-01 and osteomalacia 1123
Fig. 5. A. Procollagen is the predominant proline-labelled protein
secreted by UMR /06-01 cells cultured in the presence or absence of
aluminum. Control and aluminum-treated (800 sg/liter, 30 LM) 72 hr cell
cultures (Methods) were 3H-proline labelled for 24 hr. Radiolabelled
proteins were examined as follows: The medium was clarified by
centrifugation for 10 mm at 400 x g, dialyzed against 0.1 M acetic acid,
and lyophylized. Proteins were resolved by SDS-PAGE (3%/6%/l0%
gels), and visualized by fluorography. Unreduced (middle lanes) and
reduced (DTT, right lanes) proteins were compared with standards (left
lane). The principal proline-labelled components are consistent with
type I procollagen. Pepsin treatment resulted in loss of the procollagen
bands with appearance of components corresponding to al (I) and a2 (I)
(not shown). B. CNBr peptide mapping of secreted proline-labelled
protein. 3H-proline labelled cell culture extracts (A), were redissolved
in 0.1 M acetic and at 5 mg/mI, and digested with 200 .tg/ml pepsin for
20 hr at 4°C. Collagenous proteins were precipitated with 1.8 M NaCI.
The precipitate was collected by centrifugation (48,000 x g for 30 mm),
dialyzed against 0.1 M acetic acid, and lyophylized. Radiolabelled
collagens were resolved by SDS-PAGE as above (top lane). The
resultant material comigrated with type I collagen standards (not
shown). A single lane from the gel was cut out, and digested in situ with
CNBr. CNBr peptides were resolved by SDS-PAGE in the second
dimension [151. The al (I) and a2 (I) monomers are identified defini-
tively by their cleavage products relative to type I collagen standards
(left). There was no difference between aluminum treated and untreated
cultures.
aluminum is specifically removed from all medium components
(Table lA, Fig. 1); the ratio of bound to free [Al] in tissue
culture media with 10% heat-inactivated fetal bovine serum is
—9:1, essentially the same as found in clinical circumstances
(Fig. 2). The de-aluminumized medium retained adequate levels
of essential elements (Table LB).
Having a means of precisely monitoring medium [Al'i in
hand permitted us to examine specific effects of the cation on
cellular activity. To this end, we chose the UMR 106-01 cell
line, cloned from a well-differentiated 32P induced rat osteosar-
coma [10]. This cell line exhibits the major osteoblastic prop-
erties of collagen synthesis (Fig. 5), PTH responsiveness,
alkaline phosphatase production, and 1 ,25-dihydroxyvitamin
D3 receptors [10, 19].
It is clear that elevated aluminum reduces cell proliferation in
the UMR 106-01 line, with half maximal effect at approximately
20 .tg/liter (740 nM, Fig. 3). Effects on total cell number and cell
cycle were less dramatic (Table 2), probably because only a
minority of cultured cells are dividing at any particular time.
These findings are consistent with the paucity of osteoblasts
to
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generally encountered in aluminum intoxicated patients and
indicate a direct influence on osteoblast replication in vivo.
However, the direct effect of aluminum might be difficult to see
clinically, since other substances not present in vitro, such as
fluoride, might effect the in vivo situation, because this element
is known to affect cellular metabolism as AlF4 [201, and of
course aluminum might interact also with many other factors or
other types of cells to produce an apparently paradoxical
mitogenic effect in the more complex whole animal or tissue
culture [9] models.
In contrast, we found a modest and inconsistent increase in
protein synthesis by osteoblasts under the influence of elevated
[Al] (Fig. 4), although the nature of the matrix is unaltered,
consisting of type I procollagen in both cases (Fig.. 5). Our
findings may reflect a biphasic, dose-dependent process, as the
result seen in Figure 4 was reproduced several times, with
increased 3H-leucine incorporation at 1.5 M but a decrease at
30 sM. However, 3H-Ieucine incorporation at 30 /SM [Al] was
variable, and may reflect toxic effects. Alternatively, proline
incorporation into pepsin-resistant protein was increased at 30
/JM, [Al3], (Table 2).
Some previous studies of aluminum effects have focused on
effects attributed to A1F4. However, since ALF4 effects
typically are seen at 5 to 10 m fluoride (201, and fluoride was
in this case very low (Table lB), it is felt that aluminum fluoride
effect is unlikely, Fluoride add-back experiments using media of
defined low [Al3] are an interesting possibility outside the
scope of this study.
The combined effects of aluminum on cell proliferation and
matrix synthesis suggest that aluminum intoxication, in isola-
tion from hormonal effects, has a direct impact on osteoblast
function. Elevated aluminum reduced the proliferation rate of
the osteoblast-like cells, with half maximal effect seen at —20
tgIliter (740 nM). Cultures of UMR 106-01 cells, on the other
hand, continued to synthesize matrix at at least a normal rate.
However, effects of aluminum on protein synthesis were less
consistent and dramatic, and may reflect, at higher (800 sg/liter,
30 .LM) aluminum levels, some adverse effects on cell health.
These effects are not detected by measurement of DNA syn-
thesis since aluminum causes a dramatic decrease in this
parameter at much lower (1 /.LM) levels. Thus, this study
suggests that the goal of aluminum removal in chronic dialysis
patients should be to reduce serum aluminum to below 1 M to
prevent depression of osteoblast function, even though the
much more severe toxic effects seen at --30 jtM can be
prevented with less rigorous control of aluminum intoxication.
Although the in vivo situation is complex, and factors other
than [Alt 1 alone may be involved in the skeletal changes of
aluminum intoxication, these findings are consistent with the
paucity of osteoblasts which characterize aluminum intoxica-
tion and with our previous in vivo observation that aluminum
administered to dogs leads to morphologically-determined en-
hanced bone formation and marked fibroblastic proliferation
(81. An additional recent study in dogs by Quarles, Gitelman,
and Drezner [20] showed uncoupling of bone resorption and
formation at 5.5 sM aluminum, and increased bone formation at
46 /LM in vivo, suggesting also that aluminum enhances matrix
synthesis at high levels, but has different effects at lower
concentrations. This is consistent with the biphasic effect of
Al on 3H-leucine incorporation which we observed (Fig. 4)
and with the increase in collagen synthesis (proline incorpora-
tion) seen at higher [Al] (Table 2). Thus, the in vivo and in
vitro studies point to a shift, under the influence of aluminum,
of cellular functions from cell division toward matrix synthesis.
We are also aware that our results must ultimately be confirmed
using normal, non-transformed, isolated osteoblasts. Presently,
however, such experiments are not possible as pure cells of this
type are not in hand. Finally it should be realized that the
pathological manifestations of aluminum toxicity in uremic man
are complex. While osteoblast dysfunction is clearly a compo-
nent of this syndrome, it is also characterized by "excres-
cences" of osteoid, suggesting that bone cells exposed to
aluminum may, in some circumstances, be stimulated to pro-
duce collagen in the absence of previous resorption, thus
"uncoupling" the process of remodelling.
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